Aims/hypothesis. This study compared the long-term weight loss and health outcomes at 1-year follow-up, after a 12-week intensive intervention consisting of two low-fat, weight-loss diets, which differed in protein content. Methods. We randomly assigned 66 obese patients (BMI: 27-40 kg/m 2 ) with Type 2 diabetes to either a low-protein (15% protein, 55% carbohydrate) or high-protein diet (30% protein, 40% carbohydrate) for 8 weeks of energy restriction (~6.7 MJ/day) and 4 weeks of energy balance. Subjects were asked to maintain the same dietary pattern for a further 12 months of follow-up. Results. The study was completed by 38 of the subjects, with equal dropouts in each group. At Week 64, weight reductions against baseline were −2.2±1.1 kg (low protein) and −3.7±1.0 kg (high protein), p<0.01, with no diet effect. Fat mass was not different from baseline in either group. At Week 12, both diets reduced systolic and diastolic blood pressure by 6 and 3 mm Hg respectively, but blood pressure increased more with weight regain during follow-up in the lowprotein group (p≤0.04). At Week 64, both diets significantly increased HDL cholesterol and lowered C-reactive protein concentrations. There was no difference in the urinary urea : creatinine ratio at baseline between the two groups, but this ratio increased at Week 12 (in the high-protein group only, p<0.001, diet effect), remaining stable during follow-up in both diets. Conclusions/interpretation. A high-protein weightreduction diet may in the long term have a more favourable cardiovascular risk profile than a lowprotein diet with similar weight reduction in people with Type 2 diabetes.
Introduction
The prevalence of Type 2 diabetes is increasing and has become a major public health problem [1] . It is a strong independent risk factor for cardiovascular disease (CVD) and the risk of mortality from CVD is two to four times higher in people with diabetes [2] . Although there is a strong genetic predisposition to the development of Type 2 diabetes, obesity is a significant contributor [3] . Since approximately 80% of patients with Type 2 diabetes are overweight or obese, achieving long-term weight management is essential to minimise diabetes-associated morbidity.
The dietary approach for weight loss and treating Type 2 diabetes recommended by the Diabetes and Nutrition Study Group of the European Association for the Study of Diabetes is a high-carbohydrate, lowfat, energy-deficient diet [4] . However, long-term weight loss has been difficult to maintain using traditional dietary strategies, even with very low energy diets [5, 6] . There has been considerable interest in alternative weight-loss strategies published in the lay press, but few have been tested in clinical trials. Further longer term studies evaluating the role of diet composition in weight loss, weight maintenance and improving CVD risk in Type 2 diabetes are required.
Several short-term, randomised, controlled studies (≤6 months duration) have shown that the replacement of some dietary carbohydrate with protein in low-fat diets (≤30%) enhances weight loss [7] , is associated with favourable changes in body composition [7, 8, 9] and exerts beneficial effects on CVD risk factors, including insulin sensitivity [8] , glycaemic control [10, 11] and lipid profile [8, 9, 12] . While these diets may offer modest short-term metabolic advantages, to date, there are no long-term clinical trials of their long-term efficacy, safety and acceptability compared to conventional low-fat, high-carbohydrate diets in persons with Type 2 diabetes. The purpose of the present study therefore, was to evaluate both compliance with, and the long-term metabolic effects of two low-fat diets with different protein : carbohydrate ratios on weight loss, body composition and CVD risk factors in obese subjects with Type 2 diabetes. This study compared the changes observed during a 1-year follow-up of participants in a previously published study that reported the short-term effects of these diets over 12 weeks [9] .
Subjects and methods
Subjects. We recruited via public advertisement 66 overweight or obese adult subjects (BMI: 27-40 kg/m 2 ) with Type 2 diabetes. All subjects completed a health-screening questionnaire and potential subjects were excluded if they had proteinuria or a history of liver, unstable cardiovascular, respiratory, or gastrointestinal disease or a malignancy. The protocol and the potential risks and benefits of the study were fully explained to each subject before they provided written informed consent. All experimental procedures were approved by the Human Ethics Committee of the CSIRO (Commonwealth Scientific and Industrial Research Organisation).
A total of 38 subjects (7 men and 12 women on the low-protein diet, 8 men and 11 women on the high-protein diet) completed the entire 64-week study protocol (Table 1) . Two subjects withdrew before commencement, and a further 26 subjects (lowprotein diet: 12; high-protein diet: 14) dropped out during the course of the study and were lost to follow-up ( Fig. 1 ) (data for these subjects were not included in the final analysis). Of the 38 subjects who completed the study, 18 were taking antihypertensive medication, 17 required oral hypoglycaemic medications, 16 used lipid-lowering drugs and 3 required insulin. Most subjects had a sedentary lifestyle prior to study commencement, and no specific guidelines regarding physical activity were provided.
Experimental protocol. During the screening period, subjects were randomly assigned to the consumption of either a lowprotein or high-protein diet, using a random number generator after being matched pairwise for sex, BMI and fasting plasma glucose. The 64-week outpatient study consisted of three periods; an 8-week energy restriction period (~6700 kJ/day or 30% caloric restriction) followed by a 4-week period in energy balance with the same macronutrient composition. At the end of these 12 weeks, all clinical outcomes were reassessed. The data from these periods have been previously reported [9] .
After this initial 12-week intervention period, subjects were asked to maintain a similar dietary pattern as best they could for the succeeding 52 weeks and clinical outcomes were measured at the end of this period. During this period, contact between subjects and professional diet counsellors was minimal, so as to replicate the approaches used by most dieters. Every effort was made to encourage subjects to remain in the study and attend follow-up clinic visits at 3-monthly intervals for body weight assessment. The present report will focus on weight loss and metabolic changes during the follow-up period. Values are means ± SEM. a p=0.003 for difference between the two groups. b Insulin resistance was calculated according to the homeostatic model assessment (HOMA) [14] At Weeks 0, 12 and 64 body composition was assessed using a whole-body dual X-ray absorptiometry scan. On two consecutive days at Weeks 0 and 12 and on a single day at Week 64, subjects attended the CSIRO clinic, having fasted overnight. During this visit, body mass, height and resting blood pressure were measured, after which a venous blood sample was drawn to determine blood lipids, glucose, insulin, HbA 1 c and C-reactive protein (CRP) concentrations. Subjects also attended the clinic at Weeks 25, 38 and 51 for a body weight assessment. At baseline and Week 12, a 24-hour urine save was collected on an outpatient basis. Thereafter a fasting morning urine sample was collected at each 3-monthly followup visit to the clinic (i.e. at Weeks 25, 38, 51 and 64). Urine samples were used to assess albumin concentrations and the urea : creatinine ratio with a view to measuring dietary compliance. All testing was conducted at the same time of day to avoid circadian effects.
Dietary intervention. Before the study began, subjects in both groups met a dietician, this meeting being repeated every two weeks up to Week 12. During the 8-week energy restriction period, the prescribed high-protein diet consisted of 30% of energy from protein, 40% from carbohydrate and 30% from fat; the low-protein diet consisted of 15% of energy from protein, 55% from carbohydrate and 30% from fat. Both diets were matched for fatty acid profile (8% saturated fatty acids, 12% mono-unsaturated fatty acids, 5% polyunsaturated fatty acids) and dietary fibre intake (~30 g/day). During the subsequent 4-week energy balance period, caloric intake was increased by 30%, with a further 7 g protein in the low-protein diet and 21 g in the high-protein diet. The diets were prescriptive fixed menu plans and to assist with dietary compliance, subjects were supplied with key foods, which amounted to 60% of energy intake. Further details and differences between the two diets during these periods have been previously described [9] . For the next 12 months, subjects were asked to continue the same dietary pattern followed during the short-term study, but were not provided with any foodstuffs or professional dietary counselling.
Height, body weight and body composition. Height was measured to the nearest 0.1 cm using a stadiometer (SECA, Hamburg, Germany) with subjects barefoot in the free-standing position. Body weight was measured to the nearest 0.05 kg with HP, high-protein diet subjects wearing light clothing and no shoes, using electronic digital scales (AMZ 14; Mercury, Tokyo, Japan). Body composition was measured by whole-body dual X-ray absorptiometry (Norland densitometer XR36; Norland Medical Systems, Fort Atkinson, Wis., USA) with a coefficient of variation of 2.3± 0.9% for total fat mass and 2.1±0.4% for total lean mass.
Blood pressure. Resting blood pressure was measured in triplicate by automated oscillometry (HDI/Pulsewave CR-2000; Eagan, Minn., USA), with subjects in a seated position.
Biochemical analyses. Fasting blood samples were collected in tubes containing no additives for lipids, insulin and CRP, sodium fluoride/EDTA for glucose and EDTA for HbA 1 c measurements. Plasma or serum was isolated by centrifugation at 2000 g for 10 minutes at 5°C (Beckman GS-6R centrifuge; Beckman Instruments, Palo Alto, Calif., USA) and frozen at −20°C. Urine samples to assess dietary compliance and albumin excretion were frozen at −80°C in polyethylene tubes. Biochemical assays were performed in a single assay at completion of the study, except HbA 1 c, which was measured on the day of sample collection. Plasma glucose and serum total cholesterol and triacylglycerol concentrations were measured on a Cobas-Bio centrifugal analyser (Roche Diagnostica, Basel, Switzerland) using enzymatic kits (Hoffmann-La Roche Diagnostica, Basel, Switzerland) and control sera. Serum HDLcholesterol (HDL-C) concentrations were measured using a Cobas-Bio analyser after precipitation of lipoproteins containing apolipoprotein B with polyethylene glycol 6000 solution. A modified Friedewald equation was used to calculate LDLcholesterol (LDL-C) [13] . Insulin was determined in duplicate using a radioimmunoassay kit (Pharmacia & Upjohn Diagnostics, Uppsala, Sweden). The homeostatic model assessment (HOMA) was used as a surrogate measure of insulin sensitivity based on fasting glucose and insulin concentrations [14] , calculated as ([fasting serum insulin x fasting glucose]/22.5). CRP was measured using an enzymatic kit (Roche, Indianapolis, Ind., USA), on a Hitachi auto analyser (Roche, Indianapolis) and HbA 1 c samples were analysed by high-performance liquid chromatography [15] . Urinary urea, creatinine and albumin concentrations were measured in one run on a Hitachi auto analyser (Roche, Indianapolis) at the end of the study. If the urinary albumin concentration was lower than the detection level of 3.0 mg/l, it was reported as 2 mg/l. Urine albumin was expressed as an albumin : creatinine ratio (mg albumin/mmol creatinine).
Statistical analysis.
Participants who failed to complete the entire 64-week study period were excluded from the final analysis and reported as dropouts. The final analysis was carried out on those subjects who remained in the study and attended the final clinic visit at Week 64 (low-protein diet: 19; high-protein diet: 19). Missing data for body weight at interim timepoints (i.e. Week 25, 38, 51) were replaced carrying the previous observation forward.
Baseline differences were compared using unpaired samples t tests (two-tailed). Analysis of variance with repeated measures was used to determine the effects of the treatment, time of measurement, and their interactions on the dependent measures, with co-variate adjustments for baseline values and body weight using analysis of co-variance. The between-subject factors were the diet (i.e. high-protein or low-protein diet) and sex, with the time of measurement treated as within-subject factor. If significance was noted, Bonferroni adjusted t tests were used to make post-hoc comparisons between and within groups. Since the primary objective was to determine changes during the follow-up after weight loss (i.e. Weeks 12 to 64), 95% confidence intervals for the between-group differences in the within-group changes are presented for this time period. Relationships between changes in parameters over time were analysed using regression analysis. Statistical significance was defined as a p value of less than 0.05. Data are presented as means ± SEM. All statistical analyses were performed with SPSS for Windows 11.5.0 (SPSS, Chicago, Ill., USA).
Results
Body weight and composition. In both groups, the mean weight loss was 5.3 kg (5.7% loss of initial body weight) after the first 12 weeks (Table 2, Fig. 2 ). Although there was a significant weight regain during follow-up, body weight remained significantly lower at Week 64 than at baseline (low-protein diet: −2.2± 1.1 kg; high-protein diet: −3.7±1.0 kg, time effect p<0.01), with no significant differential effect of sex or diet.
A significant reduction in lean body mass (LBM) and fat mass with weight loss was observed at the end of the 12-week intervention period (Table 2) . Although fat mass after follow-up at Week 64 had increased to baseline levels, fat-free mass remained significantly lower than baseline. No effect of diet or sex was observed for changes in either tissue compartment. Bone mineral content was not different between diet groups at baseline and did not change during the study.
Blood pressure. Systolic blood pressure was slightly, but not significantly lower in the low-protein group than in the high-protein group at baseline (Table 3) . Systolic blood pressure decreased by 6 mm Hg during weight loss after 12 weeks with both diets, but there was no effect of diet composition (p=0.95). During the follow-up, systolic blood pressure increased by 8.1 mm Hg more in the low-protein than in the highprotein group, with a significant time by diet interaction (low protein: 10.0±3.2 mm Hg; high protein: 1.9±1.9 mm Hg; p=0.04) Diastolic blood pressure was significantly lower in the low-protein than in the high-protein group at baseline (Table 3) . By Week 12, it had decreased by 3 mm Hg with weight loss, but there was no effect of diet composition (p=0.48). There was a significant time by diet interaction during follow-up, with diastolic blood pressure 5.7 mm Hg higher in the lowprotein group than in the high-protein group (low-protein increase: 4.7±1.6 mm Hg; high protein: −1.0± 1.3 mm Hg; p=0.008).
The time by diet interaction effects for both systolic and diastolic blood pressure were present after controlling for baseline differences. Results were also similar after adjustments for changes in weight.
Glycaemic control. Fasting glucose, insulin, HOMA and HbA 1 c concentrations were significantly reduced with energy restriction by Week 12 (Table 3) , but in-creased during the follow-up period such that no difference from baseline levels was detected at Week 64. No significant effect of diet or sex was observed for changes in any of these variables during the study.
C-Reactive protein.
Overall, CRP decreased by 14% (p=0.04) during the intervention, with no effect of dietary composition or sex (Table 3) .
Albumin. Microalbuminuria was defined as a urinary albumin : creatinine ratio of ≥2.5 mg/mmol [16] . At baseline, two subjects in the high-protein group had microalbuminuria of 3.21 and 2.54 mg/mmol respectively. The exclusion of these subjects from the analysis did not change the outcome, with no statistical difference in urinary albumin excretion between the groups and no change throughout the study (Table 3) . Blood lipids. Serum triacylglycerol, total cholesterol and the total cholesterol : HDL-C ratio fell significantly in both groups at Week 12, but increased during the follow-up, such that at Week 64 there were no significant differences compared to baseline ( Table 4) . The changes in these variables did not differ significantly between the treatment groups. Fasting serum HDL-C did not change during energy restriction, but a main effect of time was that levels had increased by 17% (0.16±0.02 mmol/l) in both diet groups by Week 64; this was not affected by either diet or sex. The change in HDL-C was not correlated with changes in body weight (r=−0.03, p=0.88) and fat mass (r=0.07, p=0.66). The fluctuations in serum LDL-C did not differ between the treatment groups (8% higher in the low-protein group vs −6% in the high-protein group) ( Table 4) .
Dietary compliance and composition. The urinary urea : creatinine ratio was not different between the two dietary groups at Week 0 (low protein: 35.6±1.7; high protein 33.7±1.6; p=0.42). A significant time by diet effect was observed during the study period (p=0.004), whereby urinary urea : creatinine increased by 27.4±6.1% from baseline at Week 12 in the highprotein group, but did not change in the low-protein group. During the next 12 months, urinary urea : creatinine remained stable in both groups, leaving urinary urea : creatinine at Week 64 significantly higher than baseline in the high-protein group (p=0.01), with no difference to baseline in the low-protein group (p=0.78). These results indicate that compliance with the protein prescription in the two diet groups was good.
Power calculations. Retrospective power calculations for the follow-up period indicated that the sample size was sufficient to detect a significant difference in weight regain of 4.5 kg between the diet groups with 88% power and a p value of 0.05. The effect of diet composition showed non-statistically significant effects for LDL and triacylglycerol. In order for the ob- served differences in the change in LDL and triacylglycerol levels between the two groups to be significant with 80% power and a p value of less than 0.05 (two-tailed), 87 and 52 subjects respectively would be required in each group. For the current sample size, the differences between the experimental groups for the changes in systolic and diastolic blood pressure during the follow-up had 82% and 88% power respectively to be significant with a type 1 error of 5% (twotailed).
Discussion
After initial weight loss, advice to consume a low-fat diet that was higher in protein and lower in carbohydrate attenuated increases in blood pressure with weight regain during 12-months of follow-up compared to a conventional high-carbohydrate, low-fat diet in obese subjects with Type 2 diabetes. However, there was no difference in overall weight loss between diets.
The amount of weight lost after the initial energy restriction period was comparable to previous studies over 10 to 12 weeks in patients with Type 2 diabetes [17, 18] . Consistent with other studies, both groups regained weight during follow-up, but maintained a net weight loss at Week 64 [6, 19] . While the highprotein diet produced a 1.7 kg (non-significant) smaller weight regain than the low-protein one, we only had sufficient power to detect a 4.2 kg (~5% body weight) difference in weight regain between diets. This could be considered the minimum level for biological significance, since weight loss of 5% or more reduces co-morbidity and mortality risk in obese subjects [20] . Weight loss was due principally to changes in LBM, with minimal contribution of fat loss and no differential effect of diet. These data suggest that a higher protein intake offers no greater advantages in maintaining long-term weight loss or improving body composition than does a conventional high-carbohydrate diet in obese patients with Type 2 diabetes over 12 months.
In contrast to our results and others [17] , similar trials performed in non-diabetic, obese individuals have reported long-term weight loss principally due to reductions in fat mass [21, 22] . This preferential loss of LBM in Type 2 diabetes may be due to a higher whole-body proteolytic rate associated with moderate hyperglycaemia [23] . Our results suggest this effect may occur independently of protein intake although a higher protein intake has previously been shown to suppress proteolysis of lean tissue in obese healthy adults [24] . Loss of LBM may pose problems for maintenance of long-term weight loss [25] and glycaemic control [26] . Hence, treatment of obesity in patients with diabetes should aim to preserve lean body mass during weight reduction, which could be achieved by an accompanying exercise programme [26] . Future long-term follow-up studies should examine the combined effects of physical activity and these dietary patterns as strategies for weight management. We found no significant difference in glycaemic control between subjects on the two diets. In contrast, a small study of 12 obese subjects with Type 2 diabetes showed a small, but significant improvement in HbA 1 c over 5 weeks on a weight-maintaining highprotein diet containing a protein : carbohydrate : fat ratio of 30:40:30, compared to an isocaloric low-protein diet (15:55:30) [10] . Since LBM is associated with glycaemic control [26] , it is possible that the loss of LBM in our subjects may have masked any small effect of diet on glucose control. However, subjects in our study were initially well controlled (HbA 1 c 6.4%) compared to subjects at the start of the previous study (HbA 1 c 8%), which would have been the major determinant of improvement in HbA 1 c.
Rebound increases in blood pressure with weight regain were attenuated in the high-protein group, such that systolic blood pressure and diastolic blood pressure increased to a greater extent in the low-protein group than in the high-protein group, on average by 8.1 and 5.7 mm Hg respectively. This improvement has a significant effect on lowering the risk of cardiovascular events and complications [27, 28] . Given the high power observed for these diet effects on blood pressure, the possibility of a type 1 error is low; however, the precise mechanism could not be determined from the present data. Initial blood pressure levels were somewhat higher in the high-protein group, but analysis of co-variance showed this was not the reason for the smaller blood pressure increases in that group during follow-up. Based on our analysis and previous data [29] , the small differences in weight regain between the diets would also fail to explain the differential blood pressure changes observed. It is therefore likely that the higher protein intake in the high-protein diet was responsible for the attenuated rise in blood pressure. Observations from several large epidemiological studies [30, 31] and short-term (6-13 week) clinical trials [32, 33] have demonstrated that protein intake may be inversely related to blood pressure, although which component of dietary protein might be involved is unclear. The present data also support the hypothesis that a long-term higher protein intake may help to lower blood pressure and CVD risk in people with diabetes.
After 15 months, both groups showed increases in HDL-C (17%) irrespective of the regain in weight and fat mass during follow-up. Other studies have reported comparable results in healthy obese [34] hyperinsulinaemic subjects [35] or people with Type 2 diabetes [17] . In particular the latter study showed increases in HDL-C despite no net loss of fat at 18 months. The increases in HDL-C are greater than those expected from moderate weight loss alone [36] , suggesting that factors other than weight loss are important. However, because these improvements were not supported by changes in other metabolic parameters, such as triglyceride, we have found it difficult to explain them. It is possible there is a time delay between an increase in weight and a subsequent fall in HDL-C. Nonetheless, a 1% increase in HDL-C may constitute a 3% reduction in heart disease risk [37] , and therefore the relatively large increases observed in our subjects could translate into a substantial reduction in CVD risk.
In contrast with previous findings [12] , we did not observe a significant reduction in LDL-C in the highprotein group. However, the study was not sufficiently powered to determine a diet effect. Thus the long-term effects of high-protein diets on LDL-C in Type 2 diabetes remain to be determined.
CRP is an inflammatory molecule directly implicated in the atherosclerotic process and has been identified as an independent predictor of future cardiac events [38] . In this study, CRP levels improved in both groups over the study period by amounts that have a clinically significant benefit [39] , despite regain of all the fat lost in the initial intervention. Thus the CRP and HDL-C changes mirror each other and may represent better overall health status in the volunteers.
Consumption of high-protein diets has been associated with potentially adverse effects, notably the development of diabetic nephropathy [40] . In the present study there were no changes in urinary albumin excretion in either group. Cross-sectional [41] and clinical studies [42] in people with diabetes have not shown an association between protein intake and albumin excretion nor a beneficial effect of chronic protein restriction on the course of albuminuria or on prevention/delaying of renal damage. Similarly, Skov and co-workers [43] found no changes in urinary albumin excretion between obese, healthy subjects consuming as much as they wanted of either a low-fat, high-protein or low-protein diet (25% vs 12% of energy as protein) over 6 months, and that changes in urinary albumin excretion were inversely correlated with dietary protein intake. These data suggest that habitual high protein intake constituting up to 30% of dietary energy is unlikely to have detrimental effects on progression of microalbuminuria in Type 2 diabetes patients with no clinically obvious renal dysfunction. However, further studies should examine the longterm dose-response effects of higher levels of dietary protein intake in persons with renal disease.
A limitation of the present study was the lack of dietary data. Although urinary urea : creatinine excretion provided an effective biomarker of protein intake, it was not possible to determine dietary changes of other nutrient components (e.g. dietary fatty acids) that may have exerted metabolic effects on the parameters investigated such as blood lipid levels. Consequently, it is difficult to interpret some of the longterm effects that we observed and that may be related to dietary components other than protein. Furthermore, the relatively high dropout rate and the consequent reduced study power may have reduced the sensitivity of the results. A larger study, with greater em-phasis on subject compliance to dietary assessment tools would assist in elucidating the long-term effects of these dietary patterns.
In summary, neither diet achieved long-term net fat loss, but prescription of the high-protein diet had a more favourable effect on CVD risk by lowering blood pressure to a greater extent than a conventional low-protein diet in overweight patients with Type 2 diabetes. Further research is needed to substantiate these results and to gain a greater understanding of the net cardiovascular effects of these dietary patterns. In addition, it is important to differentiate between highprotein, low-fat diet plans and other variants such as high-protein, high-fat, very-low-carbohydrate diet plans, because adherence to these diets has been associated with adverse metabolic effects [44] .
